The evolution of asymmetric genitalia is a common and recurrent phenomenon in a wide variety of insect taxa. However, little is understood about the evolution of left-right asymmetry in reproductive structures. Since a better knowledge of it could have an important impact on the study of genital evolution, in the present study we investigate the phylogenetic and evolutionary patterns of asymmetric male genitalia in Cyclocephalini. We use a Procrustes distance based method for quantifying asymmetry. Analysis of 119 species belonging to 14 genera revealed a diverse array of asymmetries with a strong indication that asymmetries are more strongly developed in the terminal part of the aedeagus. Further, we find that asymmetries have evolved repeatedly within this small taxon. Micro-CT scans, a technique not employed before in studies of genital asymmetry, are made of several symmetric and asymmetric species. This reveals unexpected asymmetric sclerotised structures inside the otherwise symmetric aedeagus of Cyclocephala amazona, which underlines that asymmetries are not restricted to the exterior of the male genitalia but are also found internally.
Introduction
Diversity and complexity among insect genitalia is immense (Leonard and Córdoba-Aguilar, 2010) . This involves the species specificity that has been known and used by taxonomists for identification and classification.
Currently, several chief mechanisms are recognized as potentially being responsible for this vast diversity (Schilthuizen, 2003; Eberhard, 2010) . First, sexual selection by cryptic female choice may drive the evolution of exaggerated structures on male genitalia (Eberhard, 1985) . Second, sperm competition, the post-copulatory sexual selection between males inside the females' reproductive tract is possibly important in creating the diversity in male genital morphology (Parker, 1970) . This mechanism appears to be involved in, for example, males of the mealworm Tenebrio molitor Linnaeus, 1758, which use spines on their aedeagi to scour out rival sperm from the spermatheca (Gage, 1992) . Finally, male-female conflict, the antagonistic coevolution between the sexes, may lead to the diverse and anatomically complex genitalia seen at species level (Schilthuizen, 2003) . However, these mechanisms are not necessarily mutually exclusive (Eberhard, 2004 (Eberhard, , 2006 . Possibly, different aspects of male genital morphology can be the result of different mechanisms having acted at different moments in the evolution of a lineage leading to the accumulated genital complexity and diversity (Werner and Simmons, 2008) .
Asymmetry is one of the aspects of shape complexity that is common among Insecta (Schilthuizen, 2013) . Symmetric genitalia are the default state in most insect groups, but many insect taxa with asymmetric genitalia are known. Huber et al. (2007) systematically reviewed known cases of asymmetry in insects and found that genital asymmetry in insects 'originated a few times within Dermaptera, Neuropteridae, Plecoptera and Siphonaptera; several times within Heteroptera, Homoptera, Psocodea, Trichoptera; and many times within Coleoptera, Diptera and ditrysian Lepidoptera'.
This commonness is surprising since symmetry is generally thought to be favoured in sexual signalling (Møller and Pomiankowski, 1993; Swaddle and Cuthill, 1994; van Dongen, 2006) . Therefore, it is striking that populations have been able to cross this presumed adaptive valley and evolve strong asymmetries so frequently. Huber et al. (2007) proposed several hypotheses for the evolution of asymmetric genitalia, namely (i) mechanical compensation for a change in mating position; (ii) functional specialisation of left and right side; (iii) resource conservation by one-sided reduction; (iv) functional constraints; (v) more efficient packing; and (vi) intersexual arms races. They concluded that, while certain of these hypotheses may be supported in particular narrowly defined taxa, only the first (compensation for changes in mating position) fits with the general patterns of asymmetry across all Insecta. However, it is not likely that the evolution of mating positions is the most important factor leading to asymmetric genitalia within such small taxa as the Cyclocephalini, since most Scarabaeoidae members (Passalidae being one notable exception) show the same mating position; yet both symmetry and asymmetry are present in the male genitalia of many scarabaeoid taxa (Schilthuizen, unpublished data) .
Understanding the evolution of left-right asymmetry could have an important impact on our knowledge of the evolution of development and the selection for morphological novelties as a reaction to behavioural changes (Huber et al., 2007; Schilthuizen, 2013) . A combination of morphometrics with phylogenetics may constitute the first step towards increasing our understanding of the evolution of asymmetry in reproductive organs. Here, we apply this approach to the rhinoceros beetle tribe Cyclocephalini (Coleoptera: Scarabaeidae: Dynastinae). This taxon contains 15 genera and approximately 500 species (Endrödi, 1985; Jameson et al., Fig. 1 . Dorsal view of (A) extremely asymmetric parameres of C. brittoni, (B) symmetric parameres of C. pubescens, (C) habitus of C. ocellata, impression of a Cyclocephalini representative; no asymmetry data is obtained of this species (Photo: J.H. Yvinec), and (D) slightly asymmetric parameres of C. forsteri (scale bar = 1mm).
Fig. 2.
Distribution of species with asymmetric genitalia in Cyclocephalini, showing the total number of species per genus (black) and the number of species with asymmetric genitalia per genus (grey). Number of species with asymmetric aedeagi in Peltonotus is set to 25. Males are known in only 20 of the 25 species, but the expectation is that males in all species show asymmetric genitalia. Contributions to Zoology, 82 (2) -2013 Zoology, 82 (2) - 2002 Jameson and Wada, 2009 ). All but two genera are distributed in the New World. Although the tribe is placed in the rhinoceros beetle subfamily, members of which are recognized by having one or several horns on the head and/or thorax, Cyclocephalini mostly lack such adornments. This may be why this group in the past was of less interest to collectors, behavioural biologists studying sexual selection, and others. Recently, this changed as Cyclocephalini beetles were found to be important pollinators of palms, lilies, guava trees, aroids, and magnolia trees (Gibernau et al., 1999; Krell et al., 2003; Ratcliffe and Cave, 2008) and some species' larvae have been recognized as significant pests of turf grass and agricultural crops (Ratcliffe and Paulsen, 2008; Clark, 2011) .
In Cyclocephalini, approximately 50 species distributed over six genera show asymmetric male genitalia. The asymmetry varies from small differences between lateral teeth to extreme sideward curvatures of 45 degrees ( Fig. 1 ). Only two genera, Peltonotus and Acrobolbia, consist entirely of species having asymmetric genitalia, the latter consisting of only one species (Fig.  2) . The available number of species and the widespread occurrence of asymmetric aedeagi make Cyclocephalini an ideal tribe for this type of research.
Material and methods
In total we measured the degree of asymmetry in 119 species belonging to 14 genera in the Cyclocephalini. Of these, 101 species belonging to 13 genera were taken from the collection of Naturalis Biodiversity Center. The remaining 18 species (from two genera) were assessed by using the photographs in Jameson et al. (2002) , Jameson and Wada (2004) , and Jameson and Jakl (2009) . An overview of all analyzed material is given in the Appendix.
Collection specimens were treated as follows. The abdomen of one male specimen of each species was softened in water of 80°C for 30 minutes, after which the aedeagus was dissected from the body cavity and placed for 10-12 hours in 10% KOH (room temperature, 21°C) to remove membranes and to increase contrast. Then, each aedeagus was glued onto a piece of cardboard, and positioned in such a way that the phallobase and parameres were clearly visible. Separate pictures were made of both the phallobase and parameres using a Zeiss Discovery V12 Stereo, with an AxioCam MRc 5 camera built on top (Carl Zeiss MicroImaging, Göttingen, Germany). Stacking of the photographs was performed with AxioVision Rel. 4.8.2 (Carl Zeiss Micro-Imaging, Göttingen, Germany). A mesh of 100×100 pixels was placed on the photographs using Photoshop Elements 7 (Adobe Systems, Mountain View, CA). Furthermore, the pictures were rotated into an exactly vertical position using a straight line through the structure which was rotated in a right angle with the horizontal lines of the grid, overall brightness and contrast were adjusted and a mirror image of the original was created using the same program.
With tpsDig 2.16 (Rohlf, 2010) , landmarks were placed using a standardized method with the help of the gridlines (Fig. 3) . On both the original and mirrored images of the phallobase, three pairs of landmarks were placed at the top of the structure at the intersection of the three grid lines, the following three pairs were placed at the intersection of the lowest three gridlines, and the last two landmarks were placed on the extremities of a drawn line in order to define the axis. On the original and mirrored images of the parameres, the first four landmark pairs were placed at the intersection of the four highest gridlines, a fifth pair was placed on the inside of the two parameres, two pairs were placed above the widest part of the parameres, and another pair of landmarks was placed at the intersection of the lowest gridline. Again, the last two landmarks were placed on the extremities of the axis line.
A Procrustes superimposition was performed between the original and the mirror image of each specimen and the Procrustes distance (PD) was calculated using Coordgen7a from the IMP series (Sheets, 2011 ). This PD served as 'asymmetry value', showing the overall degree of asymmetry. We should point out that this method is suited for structures showing asymmetry on the outlines only; other types of asymmetry, e.g., in the toothlike-connection points of the parameres, proximal of the phallobase may only be quantified using Fourier analyses rather than 'stand-alone' landmarks. Two control groups were created. Control group 1 consisted of five different computer-generated perfectly symmetric objects using Paint that underwent the same procedure as the aedeagi (grid placement, image mirroring, landmark placement and PD calculation) with 10 repetitions, thus providing a control for the correct placement of landmarks. Control group 2 consisted of five different, but perfectly symmetric, plastic toothbrushes that underwent the same procedure as the aedeagi (grid placement, image mirroring, landmark placement and PD calculation) with a repetition of 10 times, controlling for the correct positioning of the objects during photographing and the correct placement of landmarks. Apparent deviation from symmetry due to errors in object manipulation and landmark placement was evaluated by documenting the calculated PD values for the two control groups. The result is shown in Fig. 4 A.
The duplicated pooled mean of the PD values for the control groups, viz. 0.0157, was considered to span the expected PD range for perfectly symmetric objects. Therefore, this value was used for categorising the PD values for the aedeagi over same-sized character state bins. This way, we created different asymmetry groups ranging from 1 (symmetric) to 18 (highly asymmetric).
A phylogenetic reconstruction for the Cyclocephalini was produced as follows. We obtained a character matrix for 48 species and 77 adult morphological characters from Clark (2011) . We removed character 71, dealing with the symmetric state of the male genitalia in order to avoid circularity. Furthermore, we removed from this data set all species for which we did not have PD values. Then, we obtained data for the same morphological characters for six additional species. They are Aspidolea boulardi Dechambre, 1979 , A. cognata Höhne, 1922 , Cyclocephala brittoni Endrödi, 1964 , C. cartwrighti Endrödi, 1964 , C. forsteri Endrödi, 1963 and C. suturalis Ohaus, 1911 . We also included one extra species of each genus for which Clark (2011) had initially analyzed only one species; hereby copying all character states except for the species specific PD values, ensuring a monophyletic genus. These are Erioscelis proba Sharp, 1877 , Stenocrates carbunculus Prell, 1938 , and Mimeoma maculata Burmeister, 1847 . In total, we obtained a data set with 78 character and 44 Cyclocephalini species, plus Xyloryctes jamaicensis (Drury, 1773) as outgroup. Phylogenetic hypotheses were created using PAUP 4.0b10 (Swofford, 2001) . The phylogeny was created using 1000 heuristic searches with random addition sequence. The characters were reweighted using the rescaled consistency index to optimize the phylogeny. A strict consensus was made over all optimal trees. A bootstrap analysis was run using a heuristic search with 100 replications. Values greater than 70% were considered to provide strong support for clades (Felsenstein, 1985) . PD values were projected onto the phylogenetic tree using Mesquite 2.75 (Maddison and Maddison, 2011) . The first two character states, ranging from 0 to 0.0331, are kept blank on the phylogenies assuring that only asymmetric structures are visible.
A scatter plot of PD values of the parameres against those of the phallobases was made using R version 2.11.0 (R development core team, 2010) and the correlation was tested for significance using Spearman's rank correlation in Excel. Moreover both PD values of the phallobases and parameres are tested for difference of the PD values of the control groups using a z test for unmatched data using Excel.
Micro-CT scanning
Micro-CT scans (a new technique considered a powerful tool for the morphological study of insects (Hu et al., 2011) ) were made using a SkyScan 1172 scanner (Bruker Daltonics Inc., Bremen, Germany). Aedeagi were scanned for six different species, namely: Cyclocephala amazona (Linnaeus, 1767), C. brittoni Endrödi, 1964 , C. cartwrighti Endrödi, 1964 , Ruteloryctes morio (Fabricius, 1798 , C. castanea (Olivier, 1789) and Peltonotus morio Burmeister, 1847. The latter two were clearly asymmetric. Ideal settings lay between 25 kV to 30 kV. Scans were analysed using CTan ver. 1.5.0, CTvol ver. 1.9.4 and CTvox ver. 2.3 (Bruker Daltonics Inc., Bremen, Germany). Photographs and videos were made using CTan ver. 1.5.0. The results obtained with micro-CT scanning were not used in the asymmetry analyses; solely asymmetries visible on conventional photographs were measured.
Results
The distribution of the PD values of both the parameres and phallobases resulted in a unimodal, positively skewed distribution, with means of 0.037 and 0.022, respectively. The distributions of the control groups' PD values show a more or less symmetric unimodal distribution with means of 0.0089 for control group 1, the computer-generated objects, and 0.0068 for control group 2, the toothbrushes. Results are shown in Fig. 4 . The PD values of both the phallobases and parameres are highly significant different from the PD values of the control groups (z = 9.9, p < 0.001, for phallobases and z = 7.3, p < 0.001, for parameres).
The reweighted heuristic search with 1000 addition sequences resulted in 3 equally optimal trees of 64.57 steps with a consistency index (CI) of 0.567, homoplasy index (HI) of 0.433, retention index (RI) of 0.735, and a rescaled consistency index (RC) of 0.416. The Cyclocephala complex is highly resolved. In the analyses Cyclocephala is, however, polyphyletic and split into four different groups; all other genera are monophyletic.
Asymmetry data for the parameres and phallobases are plotted on the phylogenetic reconstruction ( Fig. 5) . Bootstrap values above 70% provide strong support for clades while not labelled branches have a support of <65%. The phylogeny shows that 11 species of four genera have asymmetric parameres and six species of four genera have asymmetric phallobases. The minimum number of evolutionary steps for asymmetric parameres is eight while this is six for asymmetric phallobases. Combined, a minimum of nine evolutionary events is necessary, assuming that a symmetric genitalic structure is ancestral. From the total of 119 measured species only nine species show asymmetry in both their parameres and phallobases. Six species show asymmetric phallobases but symmetric parameres, while 28 species show asymmetric parameres but symmetric phallobases.
Micro-CT scans for six species revealed unexpected asymmetric sclerotised structures inside the externally symmetric aedeagus of C. amazona. In the remaining five species, the organisation of the interior of the aedeagus followed that of the exterior: a symmetric interior in symmetric genitalia and an asymmetric interior in asymmetric genitalia.
Discussion
Our observations on the evolutionary patterns of genital asymmetry in this relatively small coleopteran taxon reflects that which was found by Huber et al. (2007) throughout the insects, namely that genital asymmetry is a widespread and common phenomenon and is found scattered over the taxa. In Cyclocephalini, only few species per genus normally have asymmetric aedeagi, however in Peltonotus all species in which males are known, show asymmetric genitalia, although the degree of asymmetry ranges from slight (PD = 0.0217) to extreme (PD = 0.2763). Peltonotus is probably the only genus in the Cyclocephalini, consisting of more than one species, existing solely of asymmetric species. Although our phylogeny is based on a limited sampling of the available taxa, the distribution of asymmetry shown confirms the existence of multiple evolutionary appearances of asymmetry (at least eight times in the parameres and at least six times in the phallobase).
Interestingly, the Cyclocephala species that show asymmetric parameres are placed basally in one of the Cyclocephala clades. More terminally placed Cyclocephala species in this clade are symmetric, suggesting a reversal.
Although for most species, we studied only a single male, in one species (C. amazona) we studied 14 individuals to assess intraspecific variation. The relatively small standard deviations (paramere PD = 0.018 with SD 0.009, phallobase PD = 0.018 with SD 0.007) support the fact that the genitalic structures are more variable between species than they are within species.
The phylogeny shows that the branches in which asymmetric parameres evolve are not necessarily the same as those in which asymmetric phallobases evolve and vice versa. However, there is a moderate positive correlation between asymmetric parameres and asymmetric phallobases in Cyclocephalini and this correlation is highly statistically significant (r s = 0.344, p = 0.001). A scatterplot (Fig. 6) of the PD values of all measured parameres and phallobases show three distinct groups. One group show increased asymmetry in their phallobase, including Cyclocephala forsteri and Stenocrates omissus Endrödi, 1966 . The other outlier group shows increased asymmetry in their parameres and consists of C. brittoni, C. boulardi, C. cartwrighti, and all Peltonotus species. The last group consists of most species showing equal (a)symmetry in their phallobase and parameres. The range of PD values of the parameres is more than twice as broad as that of phallobases. Parameres tend to be more 'extremely' asymmetric than phallobases, suggesting that asymmetries Fig. 5 . Phylogenies showing the evolutionary relationships between selected Cyclocephalini taxa with character histories of both the degree of asymmetry of the parameres (left) and the degree of asymmetry of the phallobase (right). Numbers indicate the degree of asymmetry based on Procrustes distances between original and mirrored versions of photographs of the same structure. Procrustes distances are divided in cumulative bins with width of 0.0157. Both phylogenies are predicted by a strict consensus after successive reweighting based on the rescaled consistency index (RC: 0.416) of the heuristic search with 1000 addition sequences. Bootstrap values (right) based on 50% majority rule, values greater than 70% were considered to provide strong support for clades (Felsenstein, 1985) , only values ≥ 65% are given. develop primarily at the terminal part of the aedeagus. During mating the parameres enter the female's reproductive tract while the phallobase is not inserted (Werner and Simmons, 2008; pers. obs. of micro-CT scans of a preserved copula). Possibly, selection for asymmetry acts more strongly on the structures actually interacting with the female's reproductive system, i.e., the parameres. Another explanation for asymmetries at the terminal part is the fact that purifying selection acting on the aedeagus may be stronger on the phallobase which is connected to erectile muscles.
The histograms that show the range of PD values for parameres and phallobases ( Fig. 4 B and C) display unimodal, positively skewed distributions. This shows that there is no clear separation into either symmetric or asymmetric structures: the symmetric aedeagi grade smoothly into asymmetric forms ending in a long tail of extremely asymmetric parameres. This is an interesting result, since it conflicts with the idea that, in the evolution of asymmetry, an adaptive valley needs to be crossed that is due to sexual selection for reduced fluctuating asymmetry. Apparently, if such an adaptive valley exists, it is very narrow.
Our micro-CT scans show that in at least one species, C. amazona, asymmetric sclerotized structures exist in the interior of the symmetric phallobase (Fig. 7) , suggesting that more morphological asymmetries might lie hidden within otherwise symmetric aedeagi in this group. These sclerotised structures appear not to be artifactual structures attached to the membranous en-dophallus, but instead appear to be connected to the sides of the phallobase while the endophallus is shrunken.
Although much is already known about genitalic anatomy of Scarabaeoidae (Tarasov and Solodovnikov, 2011; Zunino, 2012) , micro-CT scanning could contribute in this field of research. Given the interesting results obtained with micro-CT scanning of a small number of individuals, we advocate that in future studies this type of research could be extended to a larger scale where several tribes or several (sub)families are analyzed. Furthermore, we hope future molecular studies may improve and expand the phylogenetic reconstruction upon which our genital asymmetry data can be projected. Finally, Micro-CT scanning should get a leading role in future researches. It could be combined with mating experiments where mating insects are studied to compare the mating strategies of species with asymmetric versus those with symmetric genitalia. These types of studies can be carried out in a similar manner as Werner and Simmons (2008) did, using freeze spray to fixate beetles during mating.
This kind of morphological studies may allow further interpretation of morphological and phylogenetic patterns in reference to the six hypotheses posited by Huber et al. (2007; see Introduction) . The phylogenetic patterns in male genital asymmetry in the Cyclocephalini suggests that asymmetry has evolved repeatedly, in a group for which no major shifts in mating position are known. Therefore, the hypothesis of mechanical com- pensation is not likely to have high explanatory power in this case. However, to determine which of the five alternative hypotheses is supported, details of copulatory mechanics and, perhaps even more importantly, of (a)symmetry in the female genitalia are needed. Once these become available, a comprehensive analysis of the causes of genital asymmetry in this taxon will become possible. Such analyses are important not only because they can change our view on the role of symmetry in sexual selection (van Dongen, 2006 ) but also because they may have a bearing on understanding congenital symmetry defects in other organisms, including humans (Bots et al., 2011; Schilthuizen and Gravendeel, 2012; Schilthuizen, 2013) .
Material studied. Given are: species name, author, Procrustes distance (PD) of both the parameres (top) and phallobase (base), character states (CS) of PD values (see main text), and basic collection information is given. Asterisks (*) denote taxa included in the phylogenetic analyses. A hashtag (#) denotes taxa analyzed using photographs from literature. ID = Indonesia, MAS = Malaysia, n/a = not applicable. 
